Alterations in endoplasmic reticulum (ER) cholesterol are fundamental for a variety of cellular processes such as the regulation of lipid homeostasis or efficient protein degradation. We show that reduced levels of cellular sterols cause a delayed ER-to-Golgi transport of the secretory cargo membrane protein ts-O45-G and a relocation to the ER of an endogenous protein cycling between the ER and the Golgi complex. Transport inhibition is characterized by a delay in the accumulation of ts-O45-G in ER-exit sites (ERES) and correlates with a reduced mobility of ts-O45-G within ER membranes. A simple mathematical model describing the kinetics of ER-exit predicts that reduced cargo loading to ERES and not the reduced mobility of ts-O45-G accounts for the delayed ER-exit and arrival at the Golgi. Consistent with this, membrane turnover of the COPII component Sec23p is delayed in sterol-depleted cells. Altogether, our results demonstrate the importance of sterol levels in COPII mediated ER-export.
Introduction
Cholesterol is an important structural and functional component of cellular membranes in all animal cells. Already, minor disturbances of membrane cholesterol content result in severe changes in membrane physical properties, affecting a plethora of functions including intracellular signalling or transport events (Simons and Ikonen, 2000; Maxfield and Tabas, 2005) . In contrast to other cellular membranes, cholesterol content of the endoplasmic reticulum (ER) has been estimated to be low, with cholesterol contributing not more than few percent of total membrane lipids (Colbeau et al, 1971; Lange et al, 1999) .
Nevertheless, the ER is a major sterol regulating organelle, harbouring the molecular machinery by which cellular cholesterol homeostasis is maintained. Smooth ER membranes are a source for lipid droplets as storage organelles of esterified cholesterol as well as the site of the enzyme HMG-CoA reductase, catalyzing the rate-limiting step in the biosynthesis of cholesterol and nonsterol isoprenoids. Reduction of the sterol pool in ER membranes triggers transport of the membrane protein SCAP and the transcription factor SREBP from the ER to the Golgi complex, where the latter one is proteolytically activated to its nuclear form, which initiates the expression of genes responsible for the synthesis and uptake of cholesterol and fatty acids (Goldstein et al, 2006) .
Apart from being a site for lipid synthesis and regulation, a pivotal function of the ER is its role in secretory protein trafficking. In mammalian cells, secretory cargo leaves the ER at distinct COPII coated ER-exit sites (ERES), which are stable for tens of minutes while the COPII components are rapidly turning over within seconds at these sites (Hammond and Glick, 2000; Stephens et al, 2000; Bevis et al, 2002; Soderholm et al, 2004; Forster et al, 2006) . The vesicular coat complex COPII mediates cargo selection and concentration via an interaction of COPII components with cargo proteins or cargo receptors (Springer and Schekman, 1998; Aridor and Traub, 2002; Barlowe, 2003; Lee et al, 2005) . The detailed molecular mechanisms of cargo accumulation in ERES as well as the mechanism how ERES are confined to the ER membrane remain to be fully understood. It has been suggested that in addition to interaction with proteins, interaction of COPII components with membrane lipids are critical for the formation of COPII coated transport carriers. The lipid composition of artificial liposomes has been demonstrated to be crucial for the efficient COPII vesicle formation in in vitro reconstitution experiments (Matsuoka et al, 1998) and treatment of semiintact cells with agents changing the lipid environment of the ER affect COPII vesicle formation and ER-export (Pathre et al, 2003) .
It is therefore tempting to speculate that because of its low prevalence, already slight alterations of cholesterol content in ER membranes might perturb protein export from the ER. To address this, we analyzed the ER-to-Golgi transport of YFPtagged secretory marker protein ts-O45-G (Presley et al, 1997; Scales et al, 1997) in HeLa cells with different sterol levels. Our results show that ER-to-Golgi transport of ts-O45-G is significantly delayed in sterol-depleted cells. We further demonstrate by 4D time lapse microscopy that delayed arrival at the Golgi complex correlates with a marked delay in the accumulation of ts-O45-G in individual ERES. Consistent with this, the turnover kinetics of COPII components at ERES are reduced in sterol-depleted cells. Altogether, this suggests that a reduction in cellular sterol levels is associated with a reduced efficiency of COPII coated transport carrier formation at ERES.
Results

Exit of ts-O45-G-YFP from the ER is delayed in sterol-depleted cells
Cellular sterols were depleted by exposing cells cultivated in lipoprotein-depleted serum (LDS) to 2-hydroxypropyl-bcyclodextrin (HPCD). Several independent approaches have shown that this protocol allows efficient extraction of cholesterol from cultured cells (Kilsdonk et al, 1995b; Lange et al, 1999) , thereby inducing a sterol-regulated transport of the SREBP cleavage activating protein SCAP from the ER to the Golgi complex where the proteolytic activation of SREBP is initiated (DeBose-Boyd et al, 1999; Nohturfft et al, 2000) . In accordance with these data from the literature, our experimental conditions for sterol depletion induced the translocation of YFP-tagged SCAP from the ER to the Golgi complex (Supplementary Figure 1A) and initiated the proteolytic cleavage of SREBP-1 (Supplementary Figure 1B) . Filipin staining demonstrated that under these conditions total cellular cholesterol levels were reduced to 6270.2% of that in control cells (Supplementary Figure 1C) . These data are consistent with previous work indicating that these treatments also drastically decrease the ER sterol levels (Lange et al, 1999) . Sterol depletion was counteracted by addition of cholesterol and 25-hydroxycholesterol (25-HC) to the steroldepleting culture medium (Kilsdonk et al, 1995a) , a wellestablished procedure to potently suppress the activation of SREBP ( Supplementary Figure 1A and B; see also DeBoseBoyd et al, 1999; Nohturfft et al, 2000) and to rapidly deliver sterols to cultured cells (Supplementary Figure 1C ; see also Christian et al, 1997; Lange et al, 1999) . Under our steroldepleting conditions, the translocation rate of SCAP-YFP from the ER to the Golgi was maximal at about 1 h after adding HPCD to the sterol-depleting medium (Supplementary Figure  1A) . We therefore chose this time point for the analysis of ts-O45-G ER-export in sterol-depleted cells. HeLa cells expressing ts-O45-G-YFP at 39.51C were shifted to the permissive temperature of 321C (Scales et al, 1997) , and transport from the ER to the Golgi complex was followed over a time period of 20 min (Figure 1 ). Confocal imaging of ts-O45-G-YFP in cells fixed at different time points after the temperature shift revealed a prominent difference in ts-O45-G-YFP trafficking to the Golgi. In control cells, an increase in the concentration of ts-O45-G-YFP at ERES could be observed almost instantly (o2 min) after the shift to the permissive temperature ( Figure 1A , insets, upper panel; see also Presley et al, 1997; Scales et al, 1997) and juxta-nuclear Golgi labelling became apparent for the first time at 8-10 min after the temperature shift ( Figure 1A , upper panel). In contrast, accumulation of ts-O45-G-YFP in ERES was significantly delayed under sterol depleted conditions ( Figure 1A , insets, middle panel), becoming apparent only between 6 and 10 min after shifting to 321C. Also, a clear localization of a prominent fraction of ts-O45-G-YFP to the Golgi could be seen only after about 15 min ( Figure 1A , middle panel). In cells that received cholesterol and 25-HC to the sterol-depleting medium, ts-O45-G-YFP localization to ERES and subsequent Golgi labelling appeared similar as in nontreated control cells ( Figure 1A , lower panel), indicating that the observed delay in ER to Golgi transport in sterol-depleted cells was specifically caused by the lack of sterols.
At all time points investigated, the relative amount of ts-O45-G-YFP retained in reticular ER membranes was significantly higher in sterol-depleted cells than in controls. Quantification of the experiments showed that the number of ERES positive for ts-O45-G-YFP in control cells reached a maximum after 6 min following the temperature shift ( Figure 1B ). In contrast, in sterol-depleted cells, a comparable number of ts-O45-G-YFP-positive ERES was reached not before 15 min after shift to 321C. Adding-back sterols could rescue this delay and ts-O45-G-YFP localization to ERES followed a similar dynamics as had been determined for control cells. No apparent difference in the number and distribution of ERES positive for the COPII marker Sec23 could be found between the three conditions tested ( Figure 1B, inset) . Quantification of ts-O45-G-YFP arrival at the Golgi in control cells and cells cultivated in the presence of sterols showed a steady increase during the course of the experiment ( Figure 1C ). In contrast, in sterol-depleted cells, the relative amounts of ts-O45-G in the Golgi compared to those in the ER remained at a basal level up to 15 min after shift to 321C, indicative of an inhibition of ER to Golgi transport under these conditions. At later time points (420 min) the amounts of ts-O45-G in the Golgi became similar to those in control cells. It is likely that this equilibration of ts-O45-G in the Golgi to levels comparable to control cells is a result of an inhibition of constitutive post-TGN transport in sterol-depleted cells as it has been described previously (Wang et al, 2000) .
To analyze, if the observed delay in Golgi arrival of ts-O45-G in sterol-depleted cells could also be explained by a reduced velocity of ts-O45-G-containing vesicular-tubular clusters (VTCs), the long-range transport carriers moving ts-O45-G from the ER to the Golgi complex along microtubules (Presley et al, 1997; Scales et al, 1997; Watson et al, 2005) , we performed live-cell imaging and tracked individual VTCs over time ( Supplementary Figure 2; These combined results clearly show that cargo trafficking along the early secretory pathway is delayed under steroldepleted conditions and that particularly early events at the ER level might be sensitive to alterations in cellular sterol levels.
To characterize this further, we analyzed by time-lapse microscopy the dynamics of ts-O45-G-YFP accumulation in individual ERES. To ensure that individual ERES could be followed during the entire time course of the experiment even when moving out of the focal plane, a 3D stack of optical sections was acquired every 3 s (Figure 2 ). In order to be able to follow and analyze a sufficient number of ERES becoming loaded with ts-O45-G even under sterol-depleted conditions, cells were shifted to 321C and time-lapse imaging was started only 10 min after the temperature shift. In control cells, an accumulation of a major fraction of ts-O45-G-YFP in punctuate ERES and Golgi-like structures was already apparent at the beginning of the time-lapse analysis consistent with our results in fixed cells (Figure 2A, upper panel) . In steroldepleted cells, most ts-O45-G-YFP was still retained in reticular ER membranes at the beginning of the time-lapse analysis with only little Golgi-like labelling, and a frequent localization of ts-O45-G-YFP to ERES could only be observed at later time points of the time-lapse sequence ( Figure 2B , upper panel).
In ERES of control cells, ts-O45-G-YFP fluorescence increased very rapidly after the first appearance of elevated levels of ts-O45-G-YFP in ERES and reached a plateau between 3 and 6 s thereafter ( Figure 2A , lower panels; Figure 3A , upper panel; Supplementary movie 3). These ERES were then depleted of cargo by the release of a ts-O45-G containing VTC moving rapidly towards the Golgi complex (see Figure 2A arrowheads; see also Supplementary movies). In contrast, in sterol-depleted cells ts-O45-G-YFP loading to individual ERES occurred much more slowly ( Figure 2B , lower panels; Supplementary movie 4), which was characterized by a steady increase in ts-O45-G-YFP fluorescence intensity that could last up to 300 s ( Figure 3A , lower panel), indicating that cargo accumulation in individual ERES was delayed when sterols were reduced.
The average loading rate of ts-O45-G-YFP to individual ERES (k on ) in control cells was 4.6-fold higher than that determined in sterol-depleted cells (k on (control) ¼ 0.146 versus k on (depleted) ¼ 0.032) ( Figure 3B ; see Material and methods for details on k on determination). The maximum fluorescence intensity of ts-O45-G-YFP in a single ERES relative to neighbouring ER membranes immediately before the VTC release was on average 3.4770.27-fold (n ¼ 21 events) in control and 3.5770.33-fold (n ¼ 23 events) in sterol-depleted cells, consistent with a cargo concentration step occurring prior to cargo export from the ER as it has been described previously (Balch et al, 1994; Martinez-Menarguez et al, 1999; Malkus et al, 2002) .
Most ERES released cargo one to four times during the course of an experiment, and irrespective of the sterol levels, cargo release was observed as a sharp drop in fluorescence intensity ( Figure 3C ; arrow). Ts-O45-G-YFP loaded ERES of control cells persisted for extended periods with little change in their fluorescence intensity before cargo release occurred abruptly ( Figure 3A and C). In contrast, in sterol-depleted cells, discharge of cargo from ERES occurred almost instantly when the cargo load had reached an apparent upper limit ( Figure 3A and C). Altogether, these results strongly support the hypothesis that sterols are an important factor regulating the accumulation of cargo proteins in ERES preceding ER-toGolgi transport.
Endogenous ERGIC-53 is relocated to ER-membranes in sterol-depleted cells
We further tested if alterations in cellular sterol levels might also affect the ER to Golgi trafficking of endogenous cellular proteins. Figure 2 Cargo-loading to ERES is delayed in sterol-depleted cells. HeLa-cells expressing ts-O45-G-YFP were incubated at 39.51C under control (A) or sterol depleted (B) conditions. Image acquisition was started between 5 and 10 min after shift to 321C. Maximum intensity projections of frames of whole cells (top panels) or selected regions (lower 3 panels; outlined by box) from 4D-time-lapse sequences are shown. Arrows indicate ts-O45-G-YFP signal within selected ERES at the indicated time points after start of image acquisition. Arrowheads denote the release of vesicular carriers. Bars: 5 mm.
the ER and Golgi complex (Schweizer et al, 1988; Ben-Tekaya et al, 2005) . If sterol depletion affected ER export of ERGIC-53 without compromising its recycling from the Golgi to the ER, one would assume a relocation of ERGIC-53 to the ER when cells are exposed to sterol depleting reagents for a sufficient period of time. Comparing cells cultivated under control conditions with those grown in the absence or presence of sterols revealed remarkable differences in the steady-state distribution of ERGIC-53. A major fraction of ERGIC-53 in control cells localized to ERES, with additional pools in the ER and juxtanuclear Golgi-like membranes ( Figure 4A ). In sterol-depleted cells, the punctuate ERES specific signal was reduced and an increase in diffuse ER-like reticular staining was observed ( Figure 4A ). After adding-back sterols, the ERES-specific ERGIC-53 signal increased to levels appearing even higher than in control cells ( Figure 4A ), indicating that the effect in sterol-depleted cells was sterol-specific. Also, a larger fraction of ERGIC-53 compared to controls appeared now associated with juxtanuclear Golgi-like membranes. Quantification of the number of ERGIC-53-positive ERES revealed a reduced fraction of the protein associated with ERES in sterol-depleted cells compared to controls (Po0.05) or cells cultivated in the presence of sterols ( Figure 4B ). More strikingly, quantification of the fluorescence intensities of ERGIC-53 in ERES relative to ERGIC-53 in ER-membranes showed that under sterol-depleted conditions significantly less ERGIC-53 was associated with individual ERES compared to controls or cells cultivated in the presence of sterols (Po0.001; Figure 4C ). After adding back sterols, the ERGIC-53 specific signal in ERES relative to the ER was increased when compared to controls. It is possible that this may have been caused by an overcompensation when adding back sterols. Similar data were obtained when cells were kept at 371C or 39.51C (data not shown). These results suggest that the inhibition of ER-exit in sterol-depleted cells is not restricted to ts-O45-G only and point towards a more general role for sterols in cargo exit from the ER.
The mobility of ts-O45-G in the ER is reduced in sterol-depleted cells
One mechanism by which cargo proteins might fail to be efficiently released from the ER could be by a restriction of In (C), average fluorescence intensities over 120 s before an event of cargo release (arrow) were plotted against time.
their free diffusion in membranes. To examine a possible role of sterols on ts-O45-G dynamics within the ER, we determined its mobility by using fluorescence recovery after photobleaching (FRAP) (Nehls et al, 2000; Stephens et al, 2000; Forster et al, 2006) . At 39.51C, ts-O45-G-YFP showed a rapid mobility comparable to other FP-tagged proteins residing in ER membranes (Nehls et al, 2000) . Fluorescence recovery reached a plateau within few seconds after photobleaching ( Figure 5A , upper panel and B), indicating a rapid exchange of bleached ts-O45-G-YFP with unbleached ts-O45-G-YFP. However, when cellular sterols were depleted, a delay of fluorescence recovery compared to control cells could be observed ( Figure 5A , lower panel and B). Quantitative analysis showed an increase in the half-time of maximal fluorescence recovery (t 1/2 ) of ts-O45-G-YFP in sterol-depleted cells compared to controls or cells exposed to sterol-depleting agents in the presence of sterols (Table I) . Independent of the ER sterol levels only a small fraction (about 10%) of ts-O45-G-YFP was immobile. Ts-O45-G-YFP dynamics were also reduced by exposing cells to alternative sterol-depleting agents (for details, see Supplementary data), but essentially unchanged in cells saturated with sterols by an extended exposure of cells to 25-HC (Table I) . No apparent morphological differences in ER structure could be observed in sterol-depleted cells compared to controls ( Figure 5A , data not shown). However, to exclude the possibility that the reduced mobility of ts-O45-G-YFP was a consequence of a putative disintegration of the ER induced by sterol-depleting agents, we performed FRAP on soluble YFP-protein carrying the ER-retention signal KDEL (ss-YFP) ( Figure 5C ) as well as on the ER-resident integral membrane protein Insig1-YFP ( Figure 5D ) (Yang et al, 2002) . However, no difference in t 1/2 could be seen between sterol depleted and control cells ( Table I ), indicating that the overall ER environment was unaffected by our sterol-depletion conditions.
To test, if sterol depletion could also affect the mobility of other cargo proteins, we performed FRAP on the YFP-tagged cargo proteins SCAP and procollagen-I (Stephens and Pepperkok, 2002) . Most notably, similar to ts-O45-G, these alternative cargo proteins also showed an increased t 1/2 in ER membranes of sterol-depleted cells relative to controls (Table I) . This suggested that a reduced mobility in ER membranes of sterol-depleted cells might not be restricted to ts-O45-G, but also affects further cargo molecules in the ER.
Dynamics of cargo accumulation within ERES and not the diffusional mobility is critical for cargo export dynamics from the ER
Our experiments showed thus far that delayed arrival of ts-O45-G at the Golgi in sterol-depleted cells is accompanied by an inhibition of cargo loading to ERES and a reduction of ts-O45-G mobility in ER membranes. This raised the possibility that the reduced diffusional mobility could account for the delayed loading of cargo to ERES and thus inhibit ER-export of ts-O45-G. We therefore wanted to analyze if at all and how diffusional mobility and cargo loading to ERES are interrelated and whether these events could account for the delayed ER export of ts-O45-G in sterol-depleted cells. To address this, these processes were simulated and tested which parameters are critical to reproduce our experimental findings such as the delayed Golgi arrival of ts-O45-G in sterol-depleted cells (Figure 1) . We assumed that export of a given cargo protein from the ER is influenced by two major parameters ( Figure 6A ; see Supplementary Data for details). First, by its mobility within the ER which is reflected by its apparent diffusion constant D app , and second, by its loading to ERES, characterized by the binding constants k on and k off . The export rate of ts-O45-G from the ER could also be affected by the distance between neighbouring ERES (d ERES ), the diameter of each ERES (A ERES ) or the extent of cargo accumulation in ERES (I threshold ) preceding cargo release and subsequent transport to the Golgi. Since our experiments showed that these parameters were not affected by the cellular sterol levels ( Figure 1B , inset, and 2 and 3), they were initially kept constant in the simulation with (d ERES ) ¼ 3 mm, (A ERES ) ¼ 450 nm, and (I threshold ) ¼ 4-fold. When parameters derived from our experimental results from cells cultivated under control conditions (D app ¼ 0.472, k on ¼ 0.148) were used for the simulation, release of ts-O45-G from the ER was rapid, with the onset of cargo export occurring 8.1 s after start of the simulation ( Figure 6B ). In contrast, parameters derived from sterol-depleted cells (D app ¼ 0.278, k on ¼ 0.032) yielded a 5.8-fold delay of the onset of ts-O45-G ER export (47.0 s after start of the simulation). Similarly, the time required for half-maximum release of ts-O45-G from the ER was 16.7 s in control cells and 69.6 s in sterol-depleted cells, again arguing for a delayed clearance of ts-O45-G from the ER in sterol-depleted cells ( Figure 6B ). These results show that the model underlying our simulations is able to reproduce faithfully our experimental finding of a delayed Golgi arrival in sterol-depleted cells.
Next, we used the simulation to make predictions about the relative importance of the parameters D app , k on , k off , d ERES or I threshold for cargo export from the ER. By changing one parameter while leaving the others constant, we determined the relative contribution of each parameter on the release of ts-O45-G from the ER. Variation of D app even by a factor of 20 had only little influence on cargo export dynamics from the ER ( Figure 6C ) and a delayed onset of ER release, as we observed it experimentally, could not be reproduced under these conditions. This suggests that a reduced diffusional mobility within the ER is not the factor responsible for a delayed ER-exit of ts-O45-G in sterol-depleted cells. Similar results were obtained when D app was varied with different fixed values for k on (e.g. for k on ¼ 1.0 s (k on ¼ 0.148) affected ER export of ts-O45-G dramatically ( Figure 6D ). We initially assumed k off ¼ 0 since under permissive conditions dissociation of ts-O45-G from ERES back to the reticular ER may be expected to be very small compared to the fraction that once bound remains associated with ERES. However, an increase in k off in sterol-depleted cells might well account for the observed delayed arrival in the Golgi complex. Such increase in k off could, for example, occur if sterol depletion inhibited the folding of ts-O45-G, thus increasing the rate of dissociation of ts-O45-G from ERES. To test if sterol depletion affected ts-O45-G folding, we stained cells with the antibody I-14 that recognizes only properly folded ts-O45-G. As described previously (Mezzacasa and Helenius, 2002) and irrespective of the sterol levels, the I-14 staining signal was low immediately after shifting cells to 321C, but rapidly increased thereafter (Supplementary Figure 4A) . No significant difference in the staining intensities between control and sterol-depleted cells could be observed for all time points after the temperature shift tested (Supplementary Figure 4B) , indicating that folding of ts-O45-G-YFP in sterol-depleted cells was not inhibited compared to controls. Consistent with this, a delayed onset of ER export of ts-O45-G could not be obtained in our simulations by varying k off over a wide range of values (Supplementary Figure 3B and C) .
Similarly, alterations of (d ERES ) did not cause a delay in the onset of ts-O45-G-exit from the ER (Supplementary Figure 3D) .
Increasing I threshold , which reflects an increased accumulation of cargo in ERES before cargo can be released showed a delay in ER export only for values of I threshold ¼ 8 and higher (Supplementary Figure 3E) . As under our experimental conditions, only values for I threshold between 2 and 6.5 were observed ( Figure 3) and I threshold was similar in steroldepleted cells and controls (Figure 3) , we concluded that changes in I threshold could not account for the observed delayed arrival of ts-O45-G in the Golgi of sterol-depleted cells.
In summary, these simulations of ER export together with our experimental data suggest that sterol depletion causes a decrease in k on values.
Sterol depletion affects the turnover of COPII subunit Sec23p at ERES
The results described so far suggest that sterol depletion inhibits the loading of secretory cargo to ERES, thereby affecting subsequent transport, which ultimately leads to a delayed arrival of ts-O45-G at the Golgi complex in steroldepleted cells compared to controls. As sorting of secretory cargo into transport carriers at ERES is known to be mediated by the COPII vesicular coat complex, we investigated next if sterol depletion also affected COPII.
Only minor differences between sterol depleted and control cells could be observed in the steady-state distribution of endogenous Sec23 ( Figure 1B, inset) or YFP-tagged COPIImarker proteins Sar1p and Sec23p (Figure 7 ; Table II next analyzed COPII turnover at single ERES in living HeLacells by using FRAP (Forster et al, 2006) . While the time required for half-maximal fluorescence recovery (t 1/2 ) of Sar1p-YFP remained unchanged between cells cultivated under control or sterol-depleted conditions, the t 1/2 of Sec23p-YFP increased from 2.9970.37 in controls to 4.2270.63 in sterol-depleted cells (Table II) . The mobile fraction of YFP-tagged COPII-subunits was not apparently different between sterol-depleted cells and controls (Table II) . These results are consistent with the delay in cargo loading to ERES in sterol depleted cells and suggest that it might be brought about by a reduced efficiency in COPII coat function. Which step(s) in the COPII assembly/disassembly cycle at ERES were affected by sterol depletion in our experiments cannot directly be derived from the FRAP data as the fluorescence recovery kinetics measured are the sum of the contributing single steps. In order to obtain insights into which step during COPII assembly/disassembly at ERES was affected by sterol depletion, we made use of a previously developed mathematical model for the COPII kinetics at ERES (Forster et al, 2006) . Using this approach, we systematically calculated FRAP curves for a large set of possible values of the model parameters and retained those parameter sets that resulted in recovery times and steady-state values that were consistent with the experimental data of Table II . The retained range for the model parameters sets is given in Table III . These data show that the rate o, which encodes the probability of Sar1p to undergo GTP exchange and subsequently recruit Sec23/ 24p, was the parameter that was altered most significantly (decrease to 59%) in sterol depleted compared to control cells (Table III) . The parameter l, which is the rate of Sec23p release from membranes after GTP hydrolysis by Sar1p, was also reduced (Table III) . This corresponds to a longer residence time of COPII on ERES and is consistent with the reduced cargo export kinetics observed in our experiments in sterol-depleted cells.
Discussion
The results shown here provide strong evidence that cellular sterol levels are important for COPII mediated export of secretory cargo from the ER. Accumulation of the secretory marker protein ts-O45-G in single ERES was delayed in steroldepleted cells and lead to a delayed arrival of the marker in the Golgi complex. Impaired ER-to-Golgi trafficking was not restricted to ts-O45-G only but could also be demonstrated for the endogenous membrane protein ERGIC-53, which is known to cycle between the ER and the Golgi complex. This suggests that the delay in ER-export demonstrated here for the marker protein ts-O45-G highlights a more general importance of sterol levels in ER-export of secretory cargo. Consistent with such a general role, we could further demonstrate that sterol depletion also affected the membrane turnover of the COPII component Sec23p at ERES. Mathematical modelling of the FRAP experiments measuring COPII membrane turnover, an approach previously described (Forster et al, 2006) , predicts that sterol depletion predominantly leads to a reduced membrane recruitment of Sec23p coincident with an increased residence of Sec23p on ERES after GTP hydrolysis by Sar1p. Based on these results we conclude that at least one step in ER-export is functionally linked to cellular sterol levels at the level of COPII action. In full agreement with this interpretation are the results obtained when we simulated ER-export by considering the relative contributions of the potential parameters involved. These simulations clearly predicted that sterol depletion predominantly results in a decrease of the rate of cargo loading to ERES (k on ), which involves COPII function, in order to reproduce our experimental results on the delayed ER-export and thus delayed arrival of ts-O45-G at the Golgi.
A delay in ER-to-Golgi transport or reduced incorporation of cargo into COPII coated vesicles has not been observed in earlier studies investigating trafficking of VSVG in cholesterol depleted cells (Keller and Simons, 1998 ; Espenshade et al, Parameter space that reproduced the experimental data. The range still consistent with these constraints is given by the '7' values. Parameters were defined as: R, ratio of total cellular Sec23/24p to Sar1p; k, Sar1p-GDP binding to ERES; G, release of Sar1p-GDP from ERES; o, GTPexchange rate; g, rate of GTP-hydrolysis on Sar1p; l, release of Sec23/24p from ERES; S*/(S*+Cm), ratio of membrane bound Sar1p-GDP relative to total Sar1p at ERES (for details, see Forster et al, 2006) .
2002). Also, under sterol depleted conditions an enhanced ER-to-Golgi transport of SCAP has been extensively described (Nohturfft et al, 2000; Goldstein et al, 2006) . At least two explanations exist that may resolve these apparent discrepancies with our data here. First, these earlier studies did not investigate in detail the export rate of ts-O45-G from the ER, and they were lacking the temporal resolution of analysis provided by our experimental settings that enabled us to detect in living cells a delay in ts-O45-G ER-export and membrane turnover of the COPII component Sec23p under sterol-depleted conditions. Second, the presence of multiple homologues of the Sec23/24-familiy (Paccaud et al, 1996; Miller et al, 2002) indicates that alternative isoforms of COPII may exist. One might therefore speculate that under steroldepleted conditions such isoforms, potentially with a different preference for certain lipids, might allow the incorporation of SCAP into nascent COPII-coated carriers and reduce that of constitutively secreted cargo. In this context, it is important to note that the enhanced ER-to-Golgi transport efficiency of SCAP in sterol-depleted cells is most likely due to an altered binding affinity of SCAP to COPII (Sun et al, 2005) , not to an overall increased efficiency of the COPII coat.
Further experiments in living cells with different Sec23/24p isoforms will be needed to investigate the possibility and molecular details of this point. Why may a delayed ER-to-Golgi transport and membrane turnover of Sec23p, and thus impaired COPII function, be of physiological relevance, when regulatory proteins such as SCAP and SREBP need to be efficiently exported from the ER in sterol depleted cells (Nohturfft et al, 2000) ? A possible answer could be that a delayed ER-export counteracts the enhanced capability of SCAP to bind COPII, thereby contributing to smoothening out rapid oscillations of ER sterols in a feedback loop. In this way only sustained changes in cholesterol levels in the ER would cause the rapid transport of SCAP to the Golgi and the activation of the entire machinery for increasing cellular sterol levels (Goldstein et al, 2006) .
Coincident with the delay in ER-exit in sterol-depleted cells, we also show here that the mobility of ts-O45-G, SCAP and procollagen, but not of a luminal protein or the ER-resident membrane protein Insig1, are reduced relative to controls. The mobile fraction of ts-O45-G, however, was not affected by sterol depletion, indicating that reduced ts-O45-G dynamics in sterol-depleted cells cannot be explained by its binding to an immobilizing scaffold. As ts-O45-G mobility in the ER and its recognition by the ER export machinery may be linked (Nehls et al, 2000) , our findings prompted us to postulate that a reduced diffusional mobility in steroldepleted cells may account for the reduced ER-export of ts-O45-G as observed here. However, our mathematical simulations of ER-exit predict that it is predominantly the rate of cargo loading to ERES (k on ) rather than the diffusion (D app ), which determines ER-export rates of secretory cargo proteins. While D app could be modified over a wide range of values without significantly affecting ts-O45-G ER-export, already minor changes in k on , k off , d ERES or I threshold strongly affected ER-exit. We therefore conclude that in general the diffusional mobility is unlikely to account for the inhibited efficiency of ER-export as observed here in sterol-depleted cells. Systematic variations of the remaining parameters of our simulations revealed that only a reduction of k on and not that of the other parameters could reproduce all of our experimental data. We thus propose that the delayed ERexport of ts-O45-G by sterol depletion is a consequence of a slower cargo loading to ERES. Our findings however do not exclude the possibility that the remaining parameters of our simulations play important roles at different levels during ERexport, for example, that the rate k off is of crucial importance for ER-export kinetics under conditions where protein folding is impaired.
How could sterols affect the loading of secretory cargo proteins to ERES? Several scenarios can be proposed. First, sterols may contribute to provide a local physical environment required for ERES formation or cargo concentration therein (Bevis et al, 2002; Soderholm et al, 2004) . For example, cholesterol-and sphingolipid-rich lipid rafts are proposed to provide a lateral organization for proteins and lipids within the membranes of several cellular organelles, and enrichment of molecules in lipid rafts is believed to be involved in a number of membrane-trafficking processes (Simons and Ikonen, 2000; Maxfield and Tabas, 2005) . During their exit from the ER, a separation of raft-associated proteins from other cargo proteins has been suggested (Muniz et al, 2001) , and association of newly synthesized cholesterol with detergent insoluble membranes begins very early after its synthesis, indicating that raft assembly may already be initiated in the ER (Heino et al, 2000) .
Second, sterols in the ER may interfere with efficient protein folding. Failure to be released from dynamically interacting chaperones may contribute to both, a reduced ts-O45-G diffusion in the reticular ER as well as a slowed down ER-export kinetics in sterol-depleted cells, and interaction of incompletely folded cargo proteins and chaperones is likely to interfere with cargo entry into ERES (Mezzacasa and Helenius, 2002) . However, when studying early folding events with a folding-specific anti-ts-O45-Gantibody, we could not detect significant differences among controls or sterol-depleted cells, excluding the possibility that protein folding of ts-O45-G is impaired in sterol-depleted cells.
Third, and in our opinion the most likely scenario how sterol depletion could affect ts-O45-G loading to ERES would be an interference with the COPII machinery, which mediates cargo sorting and concentration into COPII coated vesicles (Lee et al, 2005) . Indeed, our FRAP experiments show that membrane turnover of Sec23p at single ERES of steroldepleted cells is decreased relative to controls. Simulations with a recently introduced model of COPII-coat assembly and disassembly on ER membranes (Forster et al, 2006) predicts that such changes in membrane turnover are a consequence of an about two-fold reduction in the rate o of GTP exchange on Sar1p and subsequent recruitment of Sec23/24p. As the model underlying these simulations does not discriminate between GTP exchange and Sec23/24p membrane recruitment, it is presently unclear which of the two reactions is affected by sterol depletion. The results of our combined experimental and simulation approach are highly consistent with previous reports that have shown that the Sar1p-mediated recruitment of Sec23/Sec24p to ER-membranes depends on the lipid composition of artificial liposomes in in vitro reconstitution experiments investigating the budding of COPII coated transport carriers (Matsuoka et al, 1998) .
Materials and methods
Antibodies and materials
Mouse monoclonal antibodies were from H-P Hauri (anti-ERGIC-53), A Helenius (I-14) or described previously (anti-Golgi 6c6; Ho et al, 1989) . Further materials, cell culture and expression of markers are described in Supplementary Data.
Sterol depletion
For sterol depletion, cells cultivated in DMEM/2 mM L-glutamine/ 100 IU/ml Penicillin/100 mg/ml Streptomycin/0.5% LDS were exposed to 1% (w/v) HPCD for 1 h before analysis. Where indicated, sterol-depletion was counteracted by the simultaneous addition of 10 mg/ml cholesterol/1 mg/ml 25-HC. For alternative protocols used to modify cellular sterols, see Supplementary data.
Quantification of ts-O45-G and ERGIC-53 transport
For details on immunofluorescence and image acquisition see Supplementary Data. For quantitative ts-O45-G-YFP transport analysis, the number of Sec23-positive ERES and the number of ERES positive for ts-O45-G-YFP per area were counted for each individual time point indicated by using NIH ImageJ software 1.34j (Wayne Rasband Analystics, Bethesda). An identical protocol was applied for the quantification of the number of ERES positive for ERGIC-53. For the determination of the amount of ERGIC-53 in ERES, individual ERES were selected and signal intensities were determined first in a cubic area completely covering the size of the selected ERES, then in a nine-fold larger cubic area with the selected ERES in its centre. Mean fluorescence intensities of ERGIC-53 in ERES were quantified and normalized to ERGIC-53 fluorescence in the surrounding ER-membranes after subtracting extracellular background fluorescence. For the quantification of the steady-state levels of YFP-tagged COPII-subunits in living cells, the ratio of total fluorescence associated with ERES relative to that not associated with ERES (ERES:ER þ CP) was determined manually on background substracted images by using the overlay features of ImageJ software (Forster et al, 2006) .
For the quantification of ts-O45-G-YFP in the Golgi, whole-cell areas were determined with the plasma membrane marker Concanavalin A conjugated with TexasRed (Molecular Probes). Individual channels were exported by Zeiss LSM software (Carl Zeiss, Jena) and 8-bit tiff images were further processed by using MetaMorph software (Universal Imaging Corporation, Downington, PA). Total fluorescence intensity per cell was determined by measuring ts-O45-G-YFP fluorescence within a mask generated in the Concanavalin A channel. Ts-O45-G-YFP fluorescence in the Golgi area was determined with a mask generated in the 6c6 channel. Background fluorescence was subtracted, and ratios of fluorescence intensities were determined for each individual time point indicated.
Quantification of ts-O45-G loading to ERES
For details on live-cell imaging and FRAP, see Supplementary data. For the determination of ts-O45-G-YFP in individual ERES, regions within the cells were enlarged three-fold without interpolation by using ImageJ software. Individual ERES were selected and signal intensities in a cubic area completely covering the size the selected ERES were quantified in each frame over time. For intensity measurements, extracellular background fluorescence was subtracted from the average intensity in ERES. The rate of ts-O45-G-YFP accumulation within individual ERES is proportional to the increase of fluorescence intensity over time (Figure 3 ). This rate depends on a balance between binding of free ts-O45-G to the ERES and dissociation of ts-O45-G from the ERES.
During the initial phase of cargo loading to ERES, the amount of ts-O45-G bound to the ERES is very small compared to that of free ts-O45-G in tubular ER membranes. and by linear regression, we estimated k on under control or steroldepleted conditions.
Modelling of ts-O45-G ER-exit dynamics
For a detailed description of the mathematical simulation describing the dynamics of ts-O45-G ER-export, see Supplementary data. For details on modelling the turnover of COPII subunits at ERES, see Supplementary data and Forster et al (2006) .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
